Aim-To determine the relation between the extent and distribution of left ventricular hypertrophy and the degree of disturbance of regional relaxation and global left ventricular filling. Methods-Regional wall thickness (rWT) was measured in eight myocardial regions in 17 patients with hypertrophic cardiomyopathy, 12 patients with hypertensive heart disease, and 10 age matched normal subjects, and an asymmetry index calculated. Regional relaxation was assessed in these eight regions using regional isovolumetric relaxation time (rIVRT) and early to late peak filling velocity ratio (rE/A) derived from Doppler tissue imaging. Asynchrony of rIVRT was calculated. Doppler left ventricular filling indices were assessed using the isovolumetric relaxation time, the deceleration time of early diastolic filling (E-DT), and the E/A ratio. Results-There was a correlation between rWT and both rIVRT and rE/A in the two types of heart disease (hypertrophic cardiomyopathy: r = 0.47, p < 0.0001 for rIVRT; r = −0.20, p < 0.05 for rE/A; hypertensive heart disease: r = 0.21, p < 0.05 for rIVRT; r = −0.30, p = 0.003 for rE/A). The degree of left ventricular asymmetry was related to prolonged E-DT (r = 0.50, p = 0.001) and increased asynchrony (r = 0.42, p = 0.002) in all patients combined, but not within individual groups. Asynchrony itself was associated with decreased E/A (r = −0.39, p = 0.01) and protracted E-DT (r = 0.69, p < 0.0001) and isovolumetric relaxation time (r = 0.51, p = 0.001) in all patients. These correlations were still significant for E-DT in hypertrophic cardiomyopathy (r = 0.56, p = 0.02) and hypertensive heart disease (r = 0.59, p < 0.05) and for isovolumetric relaxation time in non-obstructive hypertrophic cardiomyopathy (n = 8, r = 0.87, p = 0.005). Conclusions-Non-invasive ultrasonographic examination of the left ventricle shows that in both hypertrophic cardiomyopathy and hypertensive heart disease, the local extent of left ventricular hypertrophy is associated with regional left ventricular relaxation abnormalities. Asymmetrical distribution of left ventricular hypertrophy is indirectly related to global left ventricular early filling abnormalities through regional asynchrony of left ventricular relaxation. (Heart 2000;83:678-684) Keywords: hypertrophic cardiomyopathy; hypertensive heart disease; isovolumetric relaxation; diastolic function Hypertrophic cardiomyopathy is a primary myocardial disease. It is characterised by left ventricular hypertrophy which develops independently of loading conditions. Hypertrophy in hypertensive heart disease is considered to be a response to increased afterload. 1 In both types of hypertrophy, abnormal left ventricular relaxation is a hallmark of the disease. Even in the presence of normal left ventricular systolic performance, this abnormality results in a rise in left atrial pressure, pulmonary congestion, and oedema. Dyspnoea is thus a very common symptom in these patients. Myocardial hypertrophy has been shown to be the crucial morphological change accounting for abnormal relaxation, 4-9 whereas increased interstitial fibrosis appears to have little impact on relaxation, but primarily aVects diastolic myocardial stiVness.
Hypertrophic cardiomyopathy is a primary myocardial disease. It is characterised by left ventricular hypertrophy which develops independently of loading conditions. Hypertrophy in hypertensive heart disease is considered to be a response to increased afterload. 1 In both types of hypertrophy, abnormal left ventricular relaxation is a hallmark of the disease. Even in the presence of normal left ventricular systolic performance, this abnormality results in a rise in left atrial pressure, pulmonary congestion, and oedema. Dyspnoea is thus a very common symptom in these patients. 2 3 Myocardial hypertrophy has been shown to be the crucial morphological change accounting for abnormal relaxation, [4] [5] [6] [7] [8] [9] whereas increased interstitial fibrosis appears to have little impact on relaxation, but primarily aVects diastolic myocardial stiVness. 6 10 11 The histological hallmark of hypertrophic cardiomyopathy-myocardial fibre disarray-may affect both ventricular relaxation and stiVness. Relaxation properties of the myocardium, however, can vary considerably between diVerent regions. This temporal and spatial nonuniformity is an important determinant of global left ventricular relaxation in coronary and hypertensive heart disease and hypertrophic cardiomyopathy. 9 12-16 Regional relaxation abnormalities may precede and finally cause global ventricular diastolic dysfunction. So far, the relation between the pattern of left ventricular hypertrophy and regional left ventricular relaxation abnormalities and the global left ventricular filling pattern has not been investigated comprehensively.
Doppler tissue imaging allows non-invasive assessment of regional left ventricular myocardial long axis function by measuring basoapically directed wall motion velocities. 17 18 From the time course of contractionrelaxation motion in diVerent myocardial segments, regional myocardial relaxation indices and the synchronisation of particular events in the cardiac cycle can be derived. [19] [20] [21] [22] The purpose of this non-invasive study in patients with primary and secondary left ventricular hypertrophy was to determine the relation between the extent and distribution of left ventricular hypertrophy on the one hand, and the degree of disturbed regional relaxation and global left ventricular filling on the other (table 1) .
Methods

PATIENTS
Thirty nine patients (mean (SD) age, 52 (17) years) were included in this prospective study. Patients with conduction abnormalities and pacemaker rhythm were excluded. Extrasystolic and postextrasystolic heart beats were not analysed.
Seventeen patients had hypertrophic cardiomyopathy, defined as left ventricular hypertrophy with an echocardiographically determined septal to posterior or anterior to inferior wall thickness ratio greater than 1.5. Absence of detectable causes for the development of left ventricular hypertrophy was mandatory for inclusion in this group.
Twelve patients with hypertensive heart disease were included. Inclusion criteria for this group were the presence of left ventricular hypertrophy and a history of systemic hypertension.
Ten subjects with normal echocardiography and with no history of cardiovascular disease were included as a control group.
All participants gave informed consent for their participation in the study.
ECHOCARDIOGRAPHY
All patients underwent transthoracic echocardiography in the left lateral supine position. The studies were performed using an Acuson Sequoia or Acuson XP128 Doppler ultrasonography system (Acuson Inc, Mountain View, California, USA). Both systems were equipped with 2.5-5.0 MHz phased array cross sectional transducers, harmonic imaging, and Doppler tissue imaging systems.
Left ventricular hypertrophy, regional wall thickness, and hypertrophy distribution
Left ventricular mass index calculations using M mode (one dimensional) echocardiography, according to the conventions of the American Society of Echocardiography (ASE) for the assessment of the extent of left ventricular hypertrophy, [23] [24] [25] are not accurate in the presence of asymmetrical hypertrophy. Therefore, a left ventricular wall thickness index was calculated. 26 27 The thickness of each wall region chosen for the assessment of regional wall motion velocities was measured from a cross sectional image in the parasternal short axis view. The left ventricular wall thickness index was calculated by adding the wall thickness measurements in each of the eight myocardial regions (table 1) . This index is considered to be a quantitative reflection of the overall extent of left ventricular hypertrophy. 26 In addition, the coeYcient of variation of all regional wall thickness measurements within each left ventricle was calculated to quantify the degree of asymmetry of the hypertrophy (left ventricular asymmetry index), with low values reflecting symmetrical and high values reflecting asymmetrical ventricular geometry (table 1) . 17 18 28 29 Pulsed wave Doppler tissue imaging was performed from the apical four and two chamber views. The sample volume was placed at eight regions of the left ventricle as follows: septal, lateral, inferior, and anterior left ventricular wall, with each wall segment at two diVerent levels (midventricle and left ventricular base). Images of at least three cardiac cycles were obtained in each region. The regional isovolumetric relaxation time (rIVRT, ms) was defined as the time from the end of systolic contraction motion to the beginning of early diastolic expansion motion (E wave, fig 1) . The early to late peak diastolic myocardial velocity ratio (rE/A) as well as the time from the R wave on the ECG to the beginning of regional isovolumetric relaxation (R-rIVRT time, ms) were also measured for each region (table 1). In 150 patients at our laboratory with normal echocardiograms and left ventricular hypertrophy, interobserver and intraobserver variability (that is, the standard error of the estimate, SEE) of rIVRT was 21 ms and 17 ms, respectively. Interobserver variability of rE/A was larger, which was mainly attributable to inaccuracies in rA measurements (SEE = 0.32).
Doppler tissue imaging of the left ventricle
Global left ventricular filling indices
Left ventricular filling indices were obtained from pulsed wave Doppler recordings of the transmitral inflow pattern. The sample volume was placed at the tips of the mitral valve leaflets. Measurements included the early to late diastolic peak flow velocity ratio (E/A), the deceleration time of early transmitral filling (E-DT, ms), and the isovolumetric relaxation time (ms), which was defined as the time between the end of systolic left ventricular outflow and the beginning of transmitral inflow (table 1) .
Asynchrony of the beginning of regional isovolumetric relaxation
In Doppler tissue imaging, the end of regional contraction motion and the onset of relaxation can easily be determined (fig 1) . The coefficient of variation of the time from the ECG R wave to this event of the cardiac cycle (R-rIVRT time) was calculated to determine the synchronicity of the beginning of regional isovolumetric relaxation (asynchrony index, table 1). A high index reflects a high intracardiac heterogeneity of the R-rIVRT time interval, and hence an asynchronous beginning of regional isovolumetric relaxation.
STATISTICAL ANALYSIS
Demographic, clinical, and echocardiographic data are expressed as mean (SD). For comparisons of continuous values between the study groups, analysis of variance (ANOVA) followed by ScheVé's test was performed. A 2 test was used for comparison of categorical variables between the study groups. Relations between diVerent echocardiographic variables were studied using linear regression analysis. A value of p < 0.05 was considered significant.
Results
PATIENT CHARACTERISTICS AND ECHOCARDIOGRAPHIC DATA
Patient characteristics and echocardiographic data are listed in tables 2 and 3, respectively. Heart rate did not change significantly during the echocardiographic study in any of the groups. Interventricular septal thickness was greatest in hypertrophic cardiomyopathy, intermediate in hypertensive heart disease, and least in the normal subjects (p < 0.05 for all comparisons). Wall thickness index was significantly lower in the normal group than in the other two groups, whereas no significant diVerence was found between hypertensive heart disease and hypertrophic cardiomyopathy. The left ventricular ejection fraction was higher in the cardiomyopathy group than in the other two groups.
LEFT VENTRICULAR HYPERTROPHY AND DOPPLER
INDICES OF REGIONAL RELAXATION
In hypertrophic cardiomyopathy, the coefficient of variation of wall thickness (asymmetry index) was significantly higher than in the other groups. There was an overall correlation between regional wall thickness and regional isovolumetric relaxation time (rIVRT), and an inverse overall correlation between wall thickness and regional E/A ratio (rE/A; table 4). The correlations were significant for both hypertrophic cardiomyopathy and hypertensive heart disease, but not for the normal group. The relations between wall thickness and rIVRT were similar in hypertrophic cardiomyopathy and hypertensive heart disease ( fig 2) . In addition, regional relaxation indices were compared between wall segments without hypertrophy (< 12 mm) in the patients with hypertrophic cardiomyopathy and the corresponding segments in normal subjects. In these segments, regional isovolumetric relaxation time was greater and regional E/A ratio lower in the cardiomyopathy group than in the normal group (p < 0.0001 for both comparisons).
Although there was a significant overall correlation between the asymmetry index and the asynchrony index in all the subjects grouped together, no such correlation was found within individual study groups. However, a majority of patients with hypertrophic cardiomyopathy (9/17) had an abnormal asynchrony index (that is, values exceeding the upper 95th centile of the values of the normal group, p < 0.05, fig 3) compared with the other groups (1/12 patients with hypertensive heart disease, 1/10 normal subjects). Patients with hypertrophic cardiomyopathy with a normal asynchrony index did not diVer in terms of left ventricular asymmetry from patients with an abnormal asynchrony index.
INDICES OF GLOBAL LEFT VENTRICULAR
RELAXATION
In none of the groups was there a correlation between left ventricular wall thickness index (that is, the extent of hypertrophy) and the E/A ratio of transmitral filling or the isovolumetric relaxation time (table 4) . The left ventricular wall thickness index was significantly related to the deceleration time of early transmitral filling (E-DT) in the hypertensive heart disease group but not in the other groups. There was no correlation between asymmetry index and E/A ratio, isovolumetric relaxation time, or E-DT within the diVerent groups (table 4) .
DOPPLER INDICES OF REGIONAL AND GLOBAL LEFT VENTRICULAR RELAXATION
Asynchrony index was highest in the cardiomyopathy group, lowest in the normal group, and intermediate in the hypertensive heart disease group. The diVerence between the cardiomyopathy group and the normal group was significant, but not the other comparisons. Mean rIVRT was linearly related to isovolumetric relaxation time, and mean rE/A was linearly related to E/A in each group (table 5) . A strong positive overall correlation was found between asynchrony index and E-DT (fig 4) . The correlation was significant for the cardiomyopathy group as well as for the hypertensive group, but not for the normal controls (table 5) . There was a significant overall inverse correlation between the asynchrony index and both the E/A ratio of transmitral inflow and the isovolumetric relaxation time (table 5), but not within the individual groups. In the cardiomyopathy group, however, the nine patients with an abnormal asynchrony index had a prolonged isovolumetric relaxation time compared with the eight patients with a normal asynchrony index (108 (25) ms v 83 (23) ms, p < 0.05). There were no diVerences in terms of age, left ventricular outflow tract gradient, left ventricular wall thickness, or left ventricular wall thickness index between these two sub- CoeV var, coeYcient of variation; E/A, early to late diastolic transmitral flow velocity ratio; E-DT, deceleration time of early transmitral filling; HCM, hypertrophic cardiomyopathy; HT, hypertensive heart disease; IVRT, isovolumetric relaxation time; N, normal controls; rE/A, regional early to late peak diastolic myocardial velocity ratio; rIVRT, regional isovolumetric relaxation time. 
Discussion
Non-invasive determination of regional left ventricular myocardial wall thickness together with appropriate local Doppler tissue imaging has made it possible for the first time to study the relation between regional morphological abnormalities in hypertrophied ventricles and global relaxation abnormalities. In this study we found a close association between the regional extent of hypertrophy and abnormalities of relaxation in both hypertrophic cardiomyopathy and hypertensive heart disease. Over the entire range from normal to hypertrophied hearts, the degree of asymmetry in regional wall thickness was linked to the temporal dispersion of regional cardiac cycle events (asynchrony), while the asynchrony was itself related to impaired global left ventricular filling in both hypertrophic cardiomyopathy and hypertensive heart disease.
LEFT VENTRICULAR HYPERTROPHY AND
RELAXATION
There have been many studies showing that structural heart diseases with left ventricular hypertrophy is associated with left ventricular relaxation abnormalities. 2 3 30 31 In hypertrophic cardiomyopathy, however, it has been found that the Doppler pattern of left ventricular filling is largely independent of the extent of left ventricular hypertrophy. 30 Focusing on the entire ventricle, our present study confirms these findings, showing an independence of the conventional Doppler diastolic relaxation indices from the extent of left ventricular hypertrophy (that is, left ventricular wall thickness index) in hypertrophic cardiomyopathy. Regional analysis using Doppler tissue imaging, however, showed that increasing regional wall thickness was associated with increasing regional relaxation disturbance in both hypertrophic cardiomyopathy and hypertensive heart disease. The similarity of these associations between the two groups allows one to speculate that the functional result of increased wall thickness on myocardial relaxation does not diVer substantially between primary and secondary left ventricular hypertrophy. Furthermore, abnormal relaxation could also be found in macroscopically normal wall segments among patients with hypertrophic cardiomyopathy and less frequently in those with hypertensive heart disease (fig 2) , showing that overt myocardial hypertrophy may not be necessary for the development of diastolic dysfunction. Factors other than local wall thickness that may influence relaxation, such as regional intraventricular pressure diVerences and varying ventricular shapes, were not measured directly in this study. This may explain a considerable amount of the variability in the association between regional wall thickness and regional isovolumetric relaxation (fig 2) . In addition, measurement variability of regional relaxation indices may have been caused by the translational motion of the heart. Another question we addressed was whether unequal distribution of left ventricular hypertrophy (asymmetry) is associated with abnormal regional and global left ventricular relaxation. This has been suggested by earlier investigations, 9 32-34 but cannot be directly confirmed by our present study. However, asymmetry was associated with asynchrony in the entire study population, but not within the individual study groups. Thus, asymmetrical left ventricular hypertrophy appears to be a predisposing-that is, necessary but insuYcient on its own-condition for the development of asynchrony (fig 3) .
Figure 4 Relation between asynchrony index (x axis) and deceleration time of early transmitral filling (E-DT, y axis
COMPARISON BETWEEN REGIONAL AND GLOBAL DIASTOLIC EVENTS
By investigating the relation between the structural features of left ventricular hypertrophy (extent and asymmetry) and left ventricular filling, which as the purpose of this study, we implicitly sought also to evaluate how regional relaxation is related to global relaxation in the left ventricle. The high temporal resolution of Doppler tissue imaging makes it possible to determine accurately specific events of the cardiac cycle in diVerent myocardial regions. The end of ventricular contraction is easily recognisable and was therefore chosen as a hallmark event during the phase of myocardial relaxation. The temporal dispersion of this event throughout the diVerent regions was presumed to reflect the asynchrony of contractionrelaxation coupling. A similar approach has recently been proposed by Pai and Gill. 21 As expected, highly asynchronous ventricular long axis function was seen in the patients with hypertrophic cardiomyopathy. Left ventricular long axis motion is the eVect of contraction of longitudinally oriented fibres, producing basoapical shortening of the ventricle.
To determine the functional relevance of long axis asynchrony for global left ventricular relaxation, the asynchrony index was compared with Doppler indices of left ventricular filling. On the basis of analysis of all three study groups, asynchrony was associated with a decrease in transmitral E/A ratio, protracted early filling, and prolonged isovolumetric relaxation time. The value of conventional Doppler indices in assessing relaxation is, however, controversial. 35 An important factor influencing these variables-age-was corrected for by matching the study group individuals. For the cardiomyopathy group in particular, there was a significant correlation between the asynchrony index and the deceleration time of early filling-that is, a link between regional and global early diastolic events could be shown. In the absence of left ventricular outflow tract obstruction, isovolumetric relaxation time was also closely related to asynchrony. In the cardiomyopathy patients with left ventricular outflow tract obstruction, and also in the patients with hypertensive heart disease, this correlation was lacking. This may reflect the combined influence of the haemodynamic conditions within the left ventricular outflow tract and aortic pressure on the onset of aortic valve closure.
STUDY LIMITATIONS
Doppler tissue imaging variables for each region under investigation were assessed from diVerent cardiac cycles. Asynchrony could not therefore be calculated from a single heart beat and so could have been aVected by changes in heart rate. Within the diVerent groups, however, heart rate did not alter significantly during the study. Furthermore, the time interval used to measure asynchrony included only the systolic phase of the cardiac cycle, which is only moderately aVected by changes in heart rate.
Coronary heart disease can account for asynchronous heart action. In our patients, coronary angiography was not performed as a part of the study protocol. We cannot therefore entirely exclude the presence of coronary heart disease, although none of the patients suVered from angina pectoris.
Patients with hypertrophic cardiomyopathy were significantly more often on calcium antagonists (verapamil) than patients in the other groups. Verapamil has a known beneficial eVect on left ventricular relaxation and asynchrony. 36 The profile of the cardiomyopathy group may therefore not entirely reflect the natural history of the disease. However, it is likely that the findings would have been even more pronounced in the absence of calcium antagonists.
CONCLUSIONS
Non-invasive ultrasonographic examination of the left ventricle shows that in hypertrophic cardiomyopathy as well as in hypertensive heart disease the local extent of left ventricular hypertrophy is associated with regional left ventricular relaxation abnormalities. Asymmetrical distribution of left ventricular hypertrophy is indirectly related to global left ventricular early filling abnormalities through regional asynchrony of left ventricular relaxation.
